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ABSTRACT
The evaporation heat transfer coefficient of refrigerant R-134a flowing in a plate
heat exchanger is investigated analytically in this study. With the introduction ofnew
HFC refrigerants to replace CFC refrigerants, the understanding and modeling ofheat
transfer coefficient characteristics is important in designing more efficient evaporators for
refrigeration and air conditioning applications. In the present work experimental data for
two-phase evaporation heat transfer of refrigerant R-134a in a plate heat exchanger (Yan
and Lin, 1999b) is compared with relevant published correlations (Yan and Lin, 1999b;
Kandlikar, 1991) in order to explore a proposed correlation scheme to best predict the
data set.
Experimental data for the evaporation heat transfer of refrigerant R-134a in a
plate heat exchanger could only be found published by Yan and Lin (1999b). Their work
utilizes a single pass plate heat exchanger, consisting of three plates, to collect two-phase
flow data. In the present work, resulting correlations proposed by Yan and Lin (1999b)
are found to have large discrepancies from the data for both a single-phase water-to-water
experiment and the two-phase experiment for evaporation heat transfer coefficient of
refrigerant R-134a in a plate heat exchanger. Research of other literature revealed the
Kandlikar (1991) model for correlating flow boiling heat transfer in augmented tubes and
compact evaporators to have relevance in the present study.
In the present work one correlation for the single-phase water-to-water
experiment, and two correlation schemes for the two-phase refrigerant R-134a
experiment are proposed which best fit the experimental data presented by Yan and Lin
(1999b) for the plate heat exchanger. The new single-phase correlation provides an
accurate prediction to the data. The first proposed two-phase correlation utilizes
augmentation factors similar to those proposed by Kandlikar (1991). Results for this
correlation are within 17% of the experimental data. Augmentation factors are ignored in
the second proposed two-phase correlation, which predicts the data within 16%. Both
correlations provide better results than the Kandlikar model (Kandlikar, 1991), which
predicts the data within 20% for vapor quality between 0.2 and 0.8, and the correlation
proposed by Yan and Lin (1999b), which yields a large discrepancy from the data. The
second improved two-phase correlation shows only nominal improvement over the first,
and lacks a theoretical base. As a result, the first two-phase correlation scheme
developed in this thesis work is suggested for use in the specific case of evaporation in
the plate heat exchanger.
NOMENCLATURE
A heat transfer area of the plate,
m2
b channel spacing, m
Boeq equivalent all liquid Boiling number
cp specific heat, J/kgK
A, hydraulic diameter, m
/ friction factor
g acceleration due to gravity,
m/s2
G mass flux, kg/m2s
Geq equivalent all liquidmass flux, kg/m2s
h heat transfer coefficient, W/m2K
ifg enthalpy ofvaporization, J/kg
k conductivity, W/m*K
L length from center of inlet port to center of exit port, m
LMTD log mean temperature difference, K
Nu Nusselt number, dimensionless
Nu,- two-phase Nusselt number, {hrD\jki)
P pressure, Pa
Pr Prandtl number, dimensionless
Q heat transfer rate, W
q"w imposedwall heat flux,
W/m2
i?wall heat transfer resistance of the wall
Vll
Re Reynolds number, dimensionless
Reeq equivalent all liquid Reynolds number
T temperature,C
U overall heat transfer coefficient, W/m2K
u velocity, m/s
V specific volume, m3/kg
w channel width of the plate, m
W mass flow rate, kg/s
X vapor quality
Greek Symbols
AP pressure drop, Pa
AT temperature difference, K













fg difference between liquid phase and vapor phase
g vapor phase
h at hot side of the test section
i at inlet of test section
/ liquid phase
lat latent heat
m average value for the two phase mixture or between the inlet and exit
man the test section inlet and exit manifolds and ports
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L INTRODUCTION
1-1 Introduction to Plate Heat Exchangers
Plate heat exchangers have been a popular choice for use in chemical and food
processing applications since the 1930s (Hewitt et al., 1994). Within a compact design,
plate heat exchangers are known to offer low fabrication costs, ease of cleaning,
adaptability, and high thermal efficiency. It is no wonder that the use ofplate heat
exchangers continues to increase in food processing, chemical reaction, and other
industrial liquid heat transfer applications. Studies from Williams (1996) and Kerner et
al. (1987) discuss the advantages ofusing the plate heat exchanger in engineering
applications. Further detail of the design and application of the plate heat exchanger is
presented by Thonon (1998) and Hewitt et al. (1994).
A detailed representation of a plate heat exchanger design is provided in Fig. 1-1
and Fig. 1-2, which are taken from Hewitt et al. (1994). Figure 1-1 provides a view of a
single corrugated heat exchanger plate, detailing the sinusoidal shape of the corrugations.
Plates are typically constructed of a thin sheet ofmetal to minimize resistance to heat
transfer between fluids. Here one fluid flows through the inlet and outlet ports
represented by the symbols PF,in and Pf.oui, respectively, leaving the symbols Pi,in and
Pt.oui to represent the other fluid inlet and outlet ports, respectively. The symbol E is
used here to show a track in which a horizontal bar would be inserted to support a stack
ofplates.
Several plates are shown in Fig. 1-2 to provide the concept of fluid flow paths
between the plates. From the figures it is evident that hot and cold fluids in a plate heat
exchanger travel in pure counterflow along the plate surfaces. To form the heat
exchanger the series ofplates are pressed together with a gasket material between plates
to prevent leakage and direct flow in alternate channels as shown. The combination of
these features results in a compact heat exchanger that provides low fabrication cost, ease
ofmaintenance, and high thermal efficiency.
Introduction ofplate heat exchangers as evaporators and condensers in
refrigeration and air conditioning applications has gained most of its interest in the last 20
years (Yan and Lin, 1999b). To date most studies about plate heat exchanger
applications in published literature focus on the single-phase liquid-to-liquid heat transfer
scenario. As a result, limited data resources are available for the plate heat exchanger
used as an evaporator for two-phase flow boiling applications.
1.2 Introduction to Refrigerant R-134a
With the public eye turned to environmental concerns in recent years, degradation
of the ozone layer in the atmosphere through the use ofCFC refrigerants has been of
great concern. In response to these issues, various new HFC refrigerants such as R-134a,
R-143a, and R-125 have been recently introduced as substitute chemicals for use in
refrigeration and air conditioning systems. An excellent example of this conversion to
new refrigerants is the introduction of refrigerant R-134a into automobile air conditioning
systems, in place of the traditional CFC refrigerant system.
In order to improve the design ofheat exchange systems utilizing these new
refrigerants, it is necessary to first gain an understanding of the fluid heat transfer
characteristics through experimentation and data collection. For these new refrigerants,
the majority ofpublished works have focused on single-phase liquid-to-liquid heat
transfer. Those studies involving two-phase applications for refrigerant R-134a have
been limited to horizontal tubes (Kattan et al., 1998a; Kattan et al., 1998b; Kattan et al.,
1998c; Yan and Lin, 1998; Yan and Lin, 1999a). One recent study (Yan and Lin, 1999b),
involves two-phase evaporation heat transfer of the new refrigerant R-134a in a plate heat
exchanger.
The present work analyzes the experimental data presented by Yan and Lin
(1999b). Since this is the only published work to date on this specific scenario extraction
of the data is necessary in evaluating possible correlation schemes for prediction of the
heat transfer coefficient. A thorough review is also performed of the heat transfer
equations used to derive the test data. Proposed correlation schemes from the literature
are evaluated in order to find a correlation scheme to best fit the experimental data set.
Fig. 1-1 Corrugated plate detail from a plate heat exchanger (Hewitt et al., 1994)
Fig. 1-2 Plate arrangement in single-pass counterflow (Hewitt et al., 1994)
2. REVIEW OF LITERATURE
In this section previously published studies by other investigators are briefly
reviewed to provide relevant information to the present work.
2.1 Early Correlation Schemes
To gain an understanding ofheat transfer correlation schemes proposed in the
present work and related studies, it is helpful to first look at some of the early works
which provide the bases for many schemes currently proposed in literature. Common
heat exchange equations used for analyzing heat transfer systems are developed from
basic energy balance equations, which are adapted to analytically characterize the system
under review. Many texts are available today to aid in understanding the use of energy
balance and how it can be applied to heat exchangers.
Heat transfer typically refers to the heat exchange between two fluids at different
temperatures separated by a solid wall. Early literature studies reveal experimentation of
single-phase heat transfer for fluids flowing in a smooth tube. From these early studies
fluid properties have been studied for incorporation into reference databases and
correlation schemes proposed to model the fluid heat transfer coefficients. Over time
these correlations have been tested and improved upon to best predict experimental data
sets. Perhaps the equation to best stand the test of time for reliably predicting
single-
phase heat transfer coefficients of fluid in a pipe is the well-known Dittus-Boelter




where Re represents the fluid Reynolds number, Pr is the Prandtl number, and Nu is the





and the Gnielinski correlation (Gnielinski, 1976),
Nu = (/72) (Re - 1000) Pr * [ 1 + (D,/L)m]
(Pr/Prw) u
. (2.3)




A viscosity ratio is introduced in the Sieder-Tate equation (eq. 2.2) above using the fluid
mean viscosity, /xm, and the fluid viscosity at the wall, //wall. The Gnielinski correlation
(eq. 2.3) utilizes a friction factor,/ and the tube inside diameter, Dt. With the Nusselt
number commonly defined as
Nu = h*D/k, (2.4)
it is evident that all three equations rely on the Reynolds number, Re, the Prandtl number,
Pr, the hydraulic diameter of the fluid path, L\, and the fluid thermal conductivity, k, to
directly influence the heat transfer coefficient, h. Today, these equations are still
frequently referred to in literature studies for the application ofheat transfer analysis to
new single-phase fluids, as well as extension of analysis to two-phase experimentation.
Growing demand for use ofheat exchange systems in evaporation and
condensation heat transfer applications requires the knowledge of single-phase liquid heat
transfer to now be adaptable for predicting two-phase heat transfer coefficients.
Although recent studies focus extensively on two-phase phenomenon for various fluids,
the concept ofmodeling the two-phase heat transfer coefficient can be traced back to the
1960s. Studies of two-phase phenomenon can likely be traced back earlier; however,
Bergles and Rohsenow (1964) made a significant contribution to this area by suggesting
an additive model for convective and nucleate boiling components. Chen (1966) is also
noted for suggesting an additive model for saturated boiling, using a nucleate boiling
term based on a pool boiling equation by Foster and Zuber (1955), and a convective
contribution utilizing the Dittus-Boelter (1930) equation noted earlier. Both of these
models present an ideal that flow boiling can be separated into a nucleate boiling term as
characterized by still fluid being boiled by heat applied directly at nucleation sights, and a
convective boiling term to characterize heat transferred to the moving fluid. These terms
are then brought together in the additive model. As a result, the dominant contributing
termwould be decided based on the liquid Reynolds number, a dimensionless number
characterized by liquid mass flow and viscosity.
2.2 ExperimentationWith Smooth Tubes
For predicting the heat transfer coefficient of the new HFC refrigerant R-134a, it
is necessary to gain an understanding of the fluid through
experimentation in order to
collect data. Literature studies for newly exploited fluids typically begin with
experimentation focusing on flow in horizontal and vertical tubes. Flow boiling of
several refrigerants, including refrigerant R-134a, is studied by Kattan et al. (1998a) in
developing a two-phase flow pattern map. In later work, flow boiling data is collected
for these refrigerants (Kattan et al., 1998b) and used in the development of a new heat
transfermodel based on flow pattern (Kattan et al. 1998c). Data from Kattan's work for
R-134a shows that the heat transfer coefficient will increase with vapor quality, but will
decrease above a quality of approximately 0.85. For very low mass flux the heat transfer
coefficient shows little change as vapor quality increases. Yan and Lin focus their
attention on refrigerant R-134a in the literature. Theirwork includes study of the
evaporation (Yan and Lin, 1998) and condensation (Yan and Lin, 1999a) heat transfer of
refrigerant R-134a in a small pipe. For the evaporation heat transfer experiment
conducted by Yan and Lin (1998) in a small pipe, results similar to Kattan et al. (1998b)
are found for refrigerant R-134a. Little change is seen in the heat transfer coefficient as
vapor quality increases for low values ofheat and mass flux. Higher heat transfer values
are seen for higher mass flux, or lower saturation temperature. For higher heat flux,
higher values ofheat transfer are seen; however, the heat transfer coefficient decreases as
vapor quality increases. In the case of condensation in a small pipe (Yan and Lin,
1999a), lower values ofheat transfer coefficient result as heat flux is increased. The heat
transfer coefficient increases with vapor quality for all cases in the condensation
experiment. Gungor andWinterton (1986) perform an extensive review of a large flow
boiling data base to propose a correlation for two-phase flow boiling based on the two
component model suggested by Chen (1966).
2.3 Augmented Surfaces
Before applying these heat transfer analysis methods to fluid flow in heat
exchangers, investigators typically first expand their studies to include augmented tube
surfaces. Augmented surface tubes are designed to provide better heat transfer efficiency
than smooth tubes through the use of enhanced surfaces. Some examples of enhanced
surfaces include fins, coil springs, twisted tape, and helical ribs. An illustration of these
enhancements is provided in Fig. 2-1, taken from Incropera and Dewitt (1990). These
specialized surfaces serve to increase the heat transfer area in fluid flow, thereby adding
significant enhancement to the liquid heat exchange capabilities.
For refrigerant R-134a Singh et al. (1996) provided an experimental study of the
flow boiling heat transfer coefficient in a microfin tube. Results show that the heat
transfer coefficient is higher for higher heat flux and for highermass flux. For low mass
flux little change is seen in the heat transfer coefficient as vapor quality increases.
Kandlikar (1991) proposes a model for correlating flow boiling heat transfer in
augmented tubes based upon previous work (Kandlikar, 1990) with flow boiling in
smooth tubes. The additive model as suggested by Bergles and Rohsenow (1964) is used
as a basis for developing two-phase correlating schemes in these Kandlikar studies.
2.4 Compact Evaporators and Plate Heat Exchangers
Now that a data base of refrigerant R-134a heat transfer characteristics is
collected in literature, the concepts ofheat transfer in smooth and augmented tubes can
be adapted to model heat transfer data in the plate heat exchanger. Kandlikar (1991)
suggests the ideal that heat exchangers, serving as compact evaporators in this particular
study, can be treated similarly to augmented tubes for analysis. From previous work in
correlating heat transfer coefficients in smooth tubes (Kandlikar, 1990), Kandlikar
introduces augmentation factors to account for surface enhancements in augmented tubes
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and compact evaporators. Results in the Kandlikar (1991) study show the new model to
provide reasonable prediction ofheat transfer coefficients.
For evaporation heat transfer ofrefrigerant R-134a in a plate heat exchanger, Yan
and Lin (1999b) provide the only published study to date. Upflow of refrigerant R-134a
in one channel receives heat from the hot downflow ofwater in the other channel of a
three-plate heat exchanger. Yan and Lin first provide a liquid only water-to-water heat
transfer experiment to analyze the uncertainty in experimentation, and to develop a
single-phase correlation which can be adapted to the two-phase situation. The two-phase
experiment is then employed for refrigerant R-134a to investigate the effects ofmean
vapor quality, mass flux, heat flux, and pressure on the evaporation heat transfer
coefficient. Correlation schemes were introduced by Yan and Lin (1999b) for modeling
the heat transfer coefficient in both their single-phase and two-phase experiments.
2.5 Summary ofCompleted Work
Table 2-1 presents a brief summary of some of the more relevant studies
discussed above. For the two-phase heat transfer of refrigerant R-134a, published studies
have been focused toward smooth and augmented surface tubes. Correlation schemes
have been developed from knowledge of single-phase data and similarmodels to predict
heat transfer coefficients in the two-phase models. Yan and Lin (1999b) present the only
study to date for the two-phase flow of refrigerant R-134a in a plate heat exchanger. To
advance the study of the heat transfer of refrigerant R-134a, it is desirable to further
investigate the experimental data presented by Yan and Lin. A best-fit correlation for
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modeling the heat transfer will aid in the design ofmore efficient evaporators for
refrigerant applications. Yan and Lin (1999b) suggest a correlation to model the
experimental data. Othermodels presented in Table 2-1 provide information and results
that will prove helpful in developing an improved correlation scheme for the modeling
the Yan and Lin two-phase data. It is advantageous to explore a correlation to best fit the
two-phase evaporation heat transfer coefficient data for refrigerant R-134a for the
specific case of the plate heat exchanger.
2.6 Objectives of the PresentWork
The objectives of the present work are as follows:
1. Develop a best fit correlation scheme for predicting the evaporation heat transfer
coefficient of refrigerant R-134a in a plate heat exchanger based on experimental data
from the literature and the additive model concept for convective and nucleate boiling
contribution terms.
2. Compare the newly developed correlation scheme to experimental data and other
models proposed in the literature for similar situations.
3. Propose a correlation scheme best suited for use in modeling the evaporation heat













Fig. 2-1 Internal flow heat transfer enhancement schemes (Incropera and Dewitt, 1990):
(a) longitudinal section and end view of coil-spring wire insert,
(b) longitudinal section and cross-sectional view of twisted tape,
(c) cut-away section and end view of longitudinal fins, and
(d) longitudinal section and end view ofhelical ribs.
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Investigator Experimental Test Fluid/ Experimental Results
System Parameters Uncertainties
Gungor and Vertical and Data taken from Used40 % for Developed an
Winterton, horizontal tubes 28 authors for 7 experimental additive






Kandlikar Augmented Data taken from 15% used for Developed an
(1991) tubes and literature for experimental additive
compact refrigerants R-ll, uncertainty model to
evaporators R-22,R-113 account for
surface
enhancements
Kattan, Horizontal tubes, R-134a, R-123, Accuracy; Developed
Thome, and Smooth surface, R-402A, R-404A, 7/:0.10C two-phase
Favrat Copper, R-502; G: 0.2 % model based
(1998c) A : 10.92 - G: 100- P: 0.5 % onflow
12.00 mm 500 kg/s
m2





h: 7.2 % pattern
Yan and Small pipe, R-134a; Uncertainties; Developed a
Lin, (1998) Smooth surface, Psat:5-31C A:1 % two-phase
A = 2.0 mm q": 5-20
kW/m2
T:1 C additive heat
G:50- P: 0.001 MPa transfer
200 kg/s
m2
G:2 % model, similar







Yan and Plate heat R-134a; Accuracy; Developed a
Lin, (1999b) exchanger, X 0.1 -0.9 correlation to
60 deg chevron, P: 0.675
- T: 0.2 K model two-
A = 6.6 mm, 0.8 MPa P: 0.002 MPa phase
Single pass,
tf'Xll- G:2 % evaporation
Three plates, 15
kW/m2






Psat: 25.5-31 C R-134a
Table 2-1 Details of studies conducted by other investigators for flow boiling of
refrigerant R-134a as well as othermodels helpful in developing a correlation for
evaporation heat transfer of refrigerant R-134a in a plate heat exchanger.
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3. DATA ANALYSIS
3.1 Experimental Data Source
Yan and Lin (1999b) provide experimental data for evaporation heat transfer of
refrigerant R-134a in a plate heat exchanger, which serves as the data base for the present
work. A schematic of the experimental setup used for testing by Yan and Lin is shown in
Fig. 3-1. The test system consists of fourmain loops and a data acquisition system,
which are briefly described here.
In the refrigerant loop adjustment of current input to a rotational DC motor
driving the refrigerant pump varied the flow rate of refrigerant R-134a. Further control
of flow rate was achieved through the use of a bypass valve. An accumulatorwas used to
dampen fluctuations in flow rate and pressure. Refrigerant flow rate was measured using
a mass flowmeterwith a reading accuracy of1 percent. In the pre-evaporator, heat was
received from the hot water loop to evaporate the refrigerant to a specified vapor quality.
Heat transfer from hot water to refrigerant in the pre-evaporator was calculated from an
energy balance performed on the water. A second water loop pumped hot water through
the test heat exchanger to transfer heat to refrigerant R-134a for the evaporation
experiment. After leaving the test section, refrigerant vapor passed through a condenser
and a sub-cooler, where the refrigerant was condensed by heat transfer to the cold
water-
glycol loop. Pressure of refrigerant R-134a was controlled at this point by varying the
temperature and flow rate of the water-glycol mixture.
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Each of the two water loops consisted of a water thermostatwith heater, and a
pump for driving the water at a specified flow rate. The water loop for the test section
also had an air-cooled refrigeration system for controlling water temperature, and a
bypass valve to further control water flow rate. Both water loops had a reading accuracy
of0.5 percent for measuring the water flow rate. Likewise, the water-glycol loop
consisted of a thermostat unit for cooling, and a pump for driving cold water through the
condenser and pre-evaporator.
Data for evaporation heat transfer of refrigerant R-134a was taken from the test
plate heat exchanger. A schematic diagram of the plate heat exchanger used by Yan and
Lin is provided in Fig. 3-2. Three plates of commercial SS-316 stainless steel formed the
plate heat exchanger. Each plate surface had a corrugated sine shape and 60 deg of
chevron angle to the plate vertical axis. The plates measured 500.0 mm in length by
120.0 mm in width, with corners rounded at a 25.0 mm radius. The thickness of the
plates was 0.4 mm, with 3.3 mm pitch between plates and 10.0 mm pitch of the
corrugation. Other dimensions show the connection ports to be spaced at 70.0 mm
horizontally and 450.0mm vertically, each portmeasuring 30.0 mm in diameter. When
the three plates were pressed together, two counter flow channels were formed. Contrary
V-shape corrugations on adjoining plates formed a lattice grid which forced flow
to move
along the grooves. This lattice formation
in plate heat exchangers causes a notably high
Reynolds number and turbulent flow, which enhance heat transfer capabilities.
Experimental data was obtained in the Yan and Lin (1999b) experiment by use of
a recorder and a controller. Using a power supply, temperature and voltage data obtained
by the recorder was transmitted to the controller and analyzed by a computer. Heat
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transfer in the plate heat exchanger was calculated using values obtained bymeasuring
the water temperature drop between the water channel inlet and outlet, and the water flow
rate. Pressure and differential pressure transducers were also connected to the inlet and
outlet to measure associated pressures and differential pressure with a transducer reading
accuracy of0.5 percent.
3.2 Heat Transfer Data Reduction
The heat transfer analysis presented by Yan and Lin (1999b) for the evaporation
heat transfer of refrigerant R-134a in a plate heat exchanger is reviewed here to better
understand the basis for the data used in the present work. The definition of the hydraulic
diameter, L\, for the plate heat exchanger was taken from Shah andWanniarachchi
(1992) as two times the mean channel spacing, b, when channel width, w, is much larger
than channel spacing, i.e.,
Dh = 2b forwb. (3.1)
The definition of a hydraulic diameter is necessary for use in fluid calculations when the
actual diameter is not easily measurable, such as tubes with specialized surfaces or
noncircular shapes. It is necessary to note that for the present work the channel spacing
is 3.3 mm for the plate heat exchanger, yielding a hydraulic diameter of 6.6 mm for
purposes of analysis in the present work.
Before studying the two-phase evaporation heat transfer, Yan and Lin (1999b) ran
an initial experiment with single-phase water-to-water heat transfer in the plate heat
exchanger. Average inlet and outlet bulk fluid temperatures were taken to calculate fluid
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properties. Yan and Lin reported the energy balance between the hot and cold water
sides to be within two percent for all runs. This is expressed as







icw.c " w,c Cp,w\l w,c,o -lw,c,i) (' v
Q = (Qw,h + Qw,c)/2 . (3.5)
With the heat transfer area the same for both the hot and cold water sides, the convective
heat transfer coefficient for the hot side is defined in terms of the overall heat transfer





where the overall heat transfer coefficient is expressed as
U=QavJ(A*IMTD), (3.7)
and the log mean temperature difference (LMTD) is calculated from inlet and exit
temperatures as
LMTD = (ATi - AP2) / [ In (APi / AP2) ] (3.8)
APi = TWih,t - TW:Ci0 (3.9)
*T2 = TwXo Tw,c,t (3.10)
Yan and Lin applied theWilson method (Wilson, 1915) in calculating the convective heat
transfer coefficients, hWth and hWiC.
For the two-phase experiment conducted by Yan and Lin (1999b), similar
equations are seen for calculating heat transfer from the hot water to the refrigerant in
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counter flow. Total heat transfer rate in the test plate heat exchanger was calculated from
the hot water side,
Qw.h = WWih cp {Tw,h,i
- Tw,h.o)- (3-11)
The vapor quality of the refrigerant entering the test section was calculated from an
energy balance for the pre-evaporator. Again the heat transfer was calculated from the
measured temperature drop on the hot water side,
ksw,/? yr w,p Cp \l-w,p,i
~ l\v,p,o)- \->-'-2)
Heat transfer to the refrigerant in the pre-evaporator resulted in raising the refrigerant
temperature to the saturated value (sensible heat transfer, Qsens), and then evaporating the
refrigerant (latent heat transfer, Q\at). The heat transfer for the pre-evaporator is then
QW,p
= Qsens + 01at (3.13)
where




These equations were combined to evaluate the refrigerant vapor quality exiting the
pre-
evaporator, which was assumed to be the same as the refrigerant vapor quality entering
the test section. Vapor quality for refrigerant in the test section was then expressed as
Xt =XPi0 = {\l ifg) * [{QW,P I Wr)
-
cp,r
* (Tr,p,0 - Trj,,,)]. (3.16)
From the heat transfer to the refrigerant in the test section, the change in refrigerant vapor
quality between the test section inlet and outlet was
calculated by
AX=Qw,h/(Wr*ifg). (3.17)
The heat transfer from the hot water to the refrigerant R-134a in the test section was also
used to determine the overall heat transfer coefficient,
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U=Qw,h/ (A* LMTD). (3.18)
For refrigerant R-134a, the log mean temperature difference (LMTD) was deduced using
the same method as described earlier for the single-phase experiment,
LMTD = (AT! AP2) / [ In (AP, / AP2) J, (3.19)
where
&Tx = TwAi-Tr,0 (3.20)
AT2 = TwAo-TrX (3.21)
Here the terms Pr,;. and Tr_0 were measured by Yan and Lin (1999b) directly using
thermocouples and were defined as the saturated temperatures of refrigerant R-134a.
Finally, the evaporation heat transfer coefficient of refrigerant R-134a in the Yan and Lin
test plate heat exchanger was calculated from the equation
(1 / hr)
= (1 / U)
- (1 / hw,h)
-
(RwallA) (3.22)
where hWih was deduced from the empirical correlation (eq. 3.6) introduced earlier for the












































Fig. 3-2 Schematic diagram of the plate heat exchanger used by Yan and Lin (1999b).
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4. RESULTS AND DISCUSSION
In this section the Yan and Lin (1999b) experimental data for both the
single-
phase water-to-water experiment, and the two-phase refrigerant R-134a evaporation heat
transfer experiment in the plate heat exchanger is used to investigate the most reliable
correlation scheme for modeling the data. The single-phase experimental data set is
presented first. The Yan and Lin (1999b) proposed single-phase correlation is presented
and compared to their own experimental data. Correlation I is then developed in this
thesis as an accurate model for predicting the single-phase experimental data. Next the
Yan and Lin (1999b) two-phase experimental data set is presented. The two-phase
correlation proposed by Yan and Lin (1999b) is then compared to their own data.
Kandlikar (1991) proposed a two-phase correlation scheme which is tested here against
the experimental data. Correlation II is developed in the current work to model the two-
phase experimental data, with augmentation factors to account for surface enhancements
of the plate heat exchanger. A Correlation III is also derived to model the two-phase
data, neglecting the use of augmentation factors. After comparison with the data set, best
fit correlations are proposed for future use in the plate heat exchanger scenario. The
chronology of this section is as follows:
Single-PhaseWater-to-water Experimental Data, Yan and Lin (1999b) (Fig. 4-1)
Yan and Lin (1999b) Proposed Single-Phase Correlation (Eq. 4.3, Fig. 4-2)
Correlation I - Single-Phase Correlation, PresentWork (Eq. 4.5, Fig. 4-3)
Two-Phase Refrigerant R- 1 34a Experimental Data, Yan and Lin ( 1999b) (Fig. 4-4 -
Fig. 4-7)
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Yan and Lin (1999b) Proposed Two-Phase Correlation (Eq. 4.6, Fig. 4-8
- Fig. 4-15)
Kandlikar (1991) Proposed Two-Phase Correlation (Eq. 4. 13, Fig. 4-16
- Fig. 4-31)
Correlation II - Two-Phase Correlation With Augmentation, Present Work (Eq. 4. 1 8,
Fig. 4-32-4-47)
Correlation III - Two-Phase CorrelationWithout Augmentation, Present Work (Eq.
4.20, Fig. 4-48 - Fig. 4-63)
Comparison ofResults (Fig. 4-64 - Fig. 4-79)
4.1 Single-PhaseWater-to-water Experimental Data, Yan and Lin (1999b) (Fig.
4-1)
As stated in previous sections, experimental data for use in this thesis work has
been extracted from the published work ofYan and Lin (1999b). Before initiating their
two-phase evaporation heat transfer experiment, Yan and Lin (1999b) first conducted a
single-phase water-to-water heat transfer experiment in the plate heat exchanger to
analyze experimental uncertainties for the test apparatus. Figure 4-1 depicts the single-
phase water-to-water heat transfer coefficient initially tested by Yan and Lin in the plate
heat exchanger. Here the heat transfer coefficient of the water is plotted against the
Reynolds number.
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4.2 Yan and Lin (1999b) Proposed Single-Phase Correlation (Eq. 4.3, Fig. 4-2)
Looking back to Fig. 4-1, the single-phase water-to-water heat transfer coefficient
data results in a nearly linear increase as the Reynolds number increases. It is desirable
to model this curve before analyzing the two-phase experimental data. Yan and Lin






to model the single-phase water-to-water heat transfer data. Using the definition of the
Nusselt number, Nu, as
Nu = hw*Dh I h , (4.2)





k IA - (4.3)
The resultant plot is shown in Fig. 4-2, which portrays the Yan proposed equation
(eq. 4.3) plotted against the experimental data set for the single-phase water-to-water
experiment. It should be noted that the single-phase correlation proposed by Yan shows
striking similarity to the Sieder-Tate equation (Incropera and Dewitt, 1981) provided in
eq. 2.2, which is known to provide reliable results in modeling single-phase liquid heat
transfer in smooth tubes. Here that single-phase model is applied to the plate heat
exchanger, with an increased multiplier to account for surface enhancement through the
use of corrugated plates. Two assumptions must be made in plotting the proposed
correlation. Firstly, it is assumed that the bulk fluid temperatures are 95 deg Celsius for
the hot side inlet and 15 deg Celsius for the cold side inlet. This ensures that the fluid is
neither at its boiling point, nor at its freezing point. With this assumption the values for
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fluid properties are easily taken from Table A.6 of Incropera and Dewitt (1990). Noting
that the viscosity ratio found in eq. 4.3 will be approximately 1 when raised to such a
small power, the second assumption is to set this term equal to 1 for purposes of the
present work.
In Fig. 4-2 it is seen that the deviation between the Yan and Lin (1999b) proposed
single-phase correlation (eq. 4-3) and the data increases as the Reynolds number is
increased. This phenomenon is not accounted for by the assumptions discussed above.
Rather, the proposed correlation seems to be off from the data by a fixedmultiplier. To
correct this situation, an improved correlation is developed in the present work.
4.3 Correlation I - Single-Phase Correlation, Present Work (Eq. 4.5, Fig. 4-3)
Noting the nearly linear plot of the single-phase data (Fig. 4-1) and the similarity
of the Yan and Lin (1999b) proposed single-phase correlation (eq. 4-3) to the Sieder-Tate
equation, it proves logical to begin the development of a new correlation using smooth
tube equations as a basis. Beginning with the well-known Dittus-Boelter (eq. 2.1) and
Sieder-Tate (eq. 2.2) equations, both ofwhich are noted for accuracy in smooth tubes, the




Here the variables El, E2, and Pican be varied to fit the data. Variables E2 and E3 are
taken from corresponding terms of the Dittus-Boelter and Sieder-Tate equations, as well
as the correlation proposed by Yan and Lin (eq. 4.3). For influence from the Sieder-Tate
equation, again the viscosity effect is considered negligible. The multiplierEl is varied
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in fitting the data to account for the surface enhancement in the plate heat exchanger over
a smooth tube. It is therefore expected that the multiplier for the improved correlation
will be much larger than that for the smooth tube equations.
In this thesis work four combinations ofvariables were tried in developing an
improved model. According to the Dittus-Boelter and Sieder-Tate equations, and eq. 4.3,
the variable E2 becomes 0.78 or 0.8, and the variable E3 takes on the value of 1/3 or 0.4.
Combinations of these variables are used, and the multiplierEl varied by use of a
spreadsheet solver to develop an improved correlation to best fit the data. The resulting
single-phase Correlation I becomes
K = 0.2875
Re078 Pr1/3
ki IA . (4.5)
Equation 4.4 shows similarity to the correlation proposed by Yan and Lin (eq. 4.3), with
an increased multiplier. A comparison of the improved Correlation I (eq. 4.5) suggested
here to the Yan correlation (eq. 4.3) and the experimental data set is provided in Fig. 4-3.
As seen in the figure, the improved single-phase Correlation I (eq. 4.5) provides an
accurate fit to the experimental data for the single-phase water-to-water heat transfer in
the plate heat exchanger. This equation will prove helpful in the next phase of the
present work for investigating an improved two-phase correlation scheme.
4.4 Two-Phase Refrigerant R-134a Experimental Data, Yan and Lin (1999b)
(Fig. 4-4 - Fig. 4-7)
For the two-phase evaporation heat transfer coefficient of refrigerant R-134a in a
plate heat exchanger, experimental data is again extracted from the literature study
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published by Yan and Lin (1999b). Their experimental setup and data reduction was
reviewed in detail in section 3 of this paper. Figures 4-4 through 4-7 present the Yan and
Lin two-phase experimental data set. This data will be necessary for comparative
analysis ofproposed schemes to reliably predict the evaporation heat transfer coefficient.
4.5 Yan and Lin (1999b) Proposed Two-Phase Correlation (Eq. 4.6, Fig. 4-8 -
Fig. 4-15)
In modeling the two-phase evaporation heat transfer coefficient of the refrigerant
R-134a in the plate heat exchanger, Yan and Lin (1999b) propose the correlation
hr = 1 .926 Reeq
Pr1/3 Re"05
Boeq kt IA (4.6)








The terms Reeq and Boeq are, respectively, the equivalent Reynolds number and
equivalent Boiling number as proposed by Akers (1958). The Reynolds number, Re, and
Prandtl number, Pr, are defined for all liquid flow as commonly defined in heat transfer
references by
Re = GA//// (4.10)
Pr = /j,cp/ki. (4.11)
For eq. 4.10 and 4.11, the refrigerant R- 1 34a is treated as all liquid flow. Figures 4-8
through 4-15 depict the Yan and Lin proposed two-phase correlation (eq. 4.6) plotted
28
against the experimental data for evaporation heat transfer of refrigerant R-134a. Fluid
properties used in the correlation are taken from the REFPROP (NIST, 1999) refrigerant
property computer program using the two-phase refrigerant saturation pressure given in
the literature as an input value. Values ofmass flux, saturation pressure, and wall
imposed heat flux are given on the plot for each case, where the evaporation heat transfer
coefficient is plotted against the mean vapor quality. Again for the two-phase scenario, a
discrepancy is seen between the Yan proposed correlation (eq. 4.6) and the experimental
data as extracted from the literature. Since the correlation and reference values are taken
directly from the literature, the only difference between the published work and that
recreated here should be the source for refrigerant fluid property data. Resolution to this
discrepancy is not possible without a complete understanding and possible recreation of
the Yan experiment. For purposes of the present work it is desirable to accept that a
discrepancy exists for their proposed correlation, and an improvedmodel is necessary to
fit the data set.
4.6 Kandlikar (1991) Proposed Two-Phase Correlation (Eq. 4.13, Fig. 4-16 - Fig.
4-31)
Before developing an improved correlation for the evaporation heat transfer of
refrigerant R-134a in a plate heat exchanger, a literature review has been performed to
find other proposed models applicable to two-phase evaporation heat transfer. Two-
phase correlation schemes were proposed in the works ofKattan et al. (1998c), Gungor
andWinterton (1985), and Kandlikar (1991). A brief review of these works was
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presented in section 2 of this paper, and in Table 2-1. Here the importance of these
studies to the present work is evaluated for development of an improved model.
Kattan et al. (1998c) developed a two-phase model for various refrigerants based
on data from previous works (Kattan et al., 1998a; and Kattan et al., 1998b). The
proposed correlation scheme utilizes the study ofboiling flow pattern as a basis for the
proposed model. While the Kattan flow pattern model provides excellent results in the
referenced work, the proposed model is complex and limited at this point to flow in
horizontal tubes.
Gungor andWinterton (1985) utilize a data bank of over 4300 data points for
water, refrigerants, and ethylene glycol. Based on an early general correlation proposed
by Chen (1966), Gungor andWinterton developed an additive model for two-phase
boiling in tubes and annuli. This model takes into account the contributions ofpool
boiling and convective boiling, which are brought together in determining the heat
transfer coefficient. The results provided in the literature for the Gungor andWinterton
model show an uncertainty of40 %. For applicability to other scenarios, a smaller
uncertainty value is desired for the present work.
An additive model is also suggested by Kandlikar (1991) for flow boiling
applications. The Kandlikar work is based on an additive model suggested by Bergles
and Rohsenow (1964), consisting of convective and nucleate boiling components.
Kandlikar takes a previous model (Kandlikar, 1990) for flow boiling in smooth tubes and
extends it to augmented tubes and compact evaporators. Results in the Kandlikar (1991)
study show the Kandlikar correlation scheme to provide a reliable fit to data, with an
uncertainty of15 %.
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For the present work, it is desirable to find a best fit correlation for the
evaporation heat transfer coefficient of refrigerant R- 134a. The Kandlikar ( 199 1 )
correlation noted above has been shown in the literature to be adaptable to augmented
surface systems while maintaining reasonable accuracy in results. Kandlikar suggests the















Equations 4.12 and 4.13 solve for the heat transfer coefficient for the nucleate boiling
dominant, and convective boiling dominant cases, respectively. The factors Eqb and Enb
are the enhancement factors to account for the convective boiling contribution and
nucleate boiling contribution, respectively. The convective number, Co, and the boiling




Bo = q"/(Gifg) . (4.15)
A fluid-dependent parameter, Ffl, is used in the correlation to account for varying fluid
characteristics. Kandlikar provides values ofP^ for various fluids in copper tubes. For
stainless steel surfaces, Kandlikar suggests that this fluid-dependent parameter is equal to
1 for all fluids. The term hi0 is the all-liquid heat transfer coefficient for the single-phase
situation. For the test plate heat exchanger, eq. 4.5 was introduced earlier as an improved
fit to the experimental data for water, and can be employed here as the all-liquid heat
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transfer coefficient for refrigerant R-134a. For the plate heat exchanger, fluid flow is
turbulent even at very low Reynolds numbers. As a result, it is assumed that the heat
transfer will rely dominantly on the convective boiling contribution. Hence, eq. 4.13 will
be used for comparison with the experimental data.
The Kandlikar correlation (eq. 4.13) is shown in Fig. 4-16 through Fig. 4-31
plotted against the Yan and Lin (1999b) experimental data set for the evaporation heat
transfer coefficient of refrigerant R-134a in the plate heat exchanger. Values given for
the saturation pressure, imposed heat flux, and mass flux from the experimental data are
shown on the plots. Unknown fluid properties are again taken from the REFPROP
computer program. Alternate plots show the Kandlikar correlation to predict the data
with an uncertainty of20 % for mean vapor quality between 0.2 and 0.8. Using a
spreadsheet solver to fit the Kandlikar correlation to the experimental data to minimize
absolute errors results in the correlation values Eqb = 0.659 and Emb
~
0.006 for the












ENB = 0.006 .
Although the Kandlikar correlation provides a reliable fit to the data, the plots
show the proposed correlation to result in a curve not matching the shape of the data.
This may be attributed to the use of the single-phase heat transfer correlation in the
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Kandlikarmodel. It is still desirable, therefore, to develop a best fit model to match the
experimental data for the plate heat exchanger.
4.7 Correlation II - Two-Phase CorrelationWith Augmentation, Present Work
(Eq. 4.18, Fig. 4-32 - Fig. 4-47)
With reasonable accuracy achieved by the Kandlikar correlation shown above, it
is logical to develop an improved correlation scheme based on the idea of the additive
model for flow boiling. For the present work, Correlation II is developed formodeling








Variables yl through y6 and the augmentation factors EqB and ENB are solved for in
fitting the correlation to the experimental data. The fluid-dependent parameter, Ffl, is
again taken to be 1.0 for the stainless steel plates. In fitting the proposed correlation to













EnB = 0.338 ,
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producing Correlation II as,








ENB = 0.338 .
The resulting two-phase Correlation II (eq. 4.18) is plotted against the experimental data
in Fig. 4-32 through Fig. 4-47. Alternate plots map the experimental heat transfer
coefficient against the predicted heat transfer coefficientwith the same experimental
uncertainty range of20 % seen earlier for the Kandlikarmodel. The improved
correlation shows a better fit than the Kandlikar correlation, with a maximum deviation
of 17 % for all data points. Fluid properties given from the literature are again provided
on the charts, and other properties obtained from the REFPROP program. This improved
Correlation II results in a curve closely matching the behavior of the data, which was
noted to be a concern with the Kandlikar correlation.
4.8 Correlation III - Two-Phase CorrelationWithout Augmentation, Present
Work (Eq. 4.20, Fig. 4-48 - Fig. 4-63)
A second improved correlation has been developed in the present work by leaving
out the augmentation factors and the fluid-dependent parameter. This correlation then
takes on the form
/*r =
[zlCoz2
+ z3Boz4]Xmz5/z/oz6z7 . (4.19)
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A multiplier z7 has been added to the correlation scheme in the form of eq. 4. 1 9. Here
only the variables zl through z7 need to be solved for in fitting the correlation to the
experimental data. For the best fit curve for evaporation of refrigerant R-134a in the

















producing the two-phase Correlation III as
hr = 1.055 [1.056
Co'04
+ 1.02 Bo09] Xm
012 hhon
. (4.20)
The resulting two-phase Correlation III (eq. 4.20) for the improved fit without
augmentation factors or the fluid-dependent parameter is plotted against the experimental
data in Fig. 4-48 through Fig. 4-63. Alternate plots provide a comparison with the data
for a 20 % uncertaintymargin. It is easily seen that this improved Correlation III (eq.
4.20) provides a better fit than the Kandlikar correlation presented earlier with a
maximum deviation of 16 %.
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4.9 Comparison ofResults
A comparison of the two-phase correlation schemes discussed in this work to the
refrigerant R-134a evaporation experimental data is provided in Fig. 4-64 through Fig. 4-
79. Alternate figures provide the comparison of the predicted heat transfer coefficient
versus the experimental heat transfer coefficient, with a 20% uncertainty range shown.
From the figures it is obvious that both Correlation II (eq. 4.18) and Correlation III (eq.
4.20) provide an excellent fit to the two-phase experimental data set. Correlation III
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Fig. 4-1 Experimental data from Yan and Lin (1999b) for
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Fig. 4-2 Yan and Lin (1999b) proposed single-phase
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Fig. 4-3 Correlation I (eq. 4.5), present work, compared to
experimental data and Yan and Lin (1999b) proposed
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Fig. 4-4 Experimental data from Yan and Lin (1999b);
variations of refrigerant R-134a evaporation heat transfer
coefficient with mean vapor quality for various mass fluxes at
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Fig. 4-5 Experimental data from Yan and Lin (1999b);
variations of refrigerant R-134a evaporation heat transfer
coefficient with mean vapor quality for various mass fluxes at
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Fig. 4-6 Experimental data from Yan and Lin (1999b);
variations of refrigerant R-134a evaporation heat transfer
coefficient with mean vapor quality for various heat fluxes at G
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Fig. 4-7 Experimental data from Yan and Lin (1999b);
variations of refrigerant R-134a evaporation heat transfer
coefficient with mean vapor quality for various pressures at G
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Fig. 4-8 Yan and Lin (1999b) proposed two-phase correlation
(eq. 4.6) vs. experimental data for variations of R-1 34a
evaporation heat transfer coefficient with mean vapor quality
at Pm = 0.675 MPa, q"w
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Fig. 4-9 Yan and Lin (1999b) proposed two-phase correlation
(eq. 4.6) vs. experimental data for variations of R-1 34a
evaporation heat transfer coefficient with mean vapor quality
at Pm
= 0.675 MPa, q"w
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Fig. 4-10 Yan and Lin (1999b) proposed two-phase
correlation (eq. 4.6) vs. experimental data for variations of R-
134a evaporation heat transfer coefficient with mean vapor
quality at Pm
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Fig. 4-1 1 Yan and Lin (1999b) proposed two-phase
correlation (eq. 4.6) vs. experimental data for variations of R-
134a evaporation heat transfer coefficient with mean vapor
quality at Pm
= 0.8 MPa, q"w
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Fig. 4-12 Yan and Lin (1999b) proposed two-phase
correlation (eq. 4.6) vs. experimental data for variations of R
134a evaporation heat transfer coefficient with mean vapor
quality at Pm
= 0.8 MPa, q
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Fig. 4.13 Yan and Lin (1999b) proposed two-phase
correlation (eq. 4.6) vs. experimental data for variations of R-
134a evaporation heat transfer coefficient with mean vapor
quality at Pm
= 0.8 MPa, q"w
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Fig. 4-14 Yan and Lin (1999b) proposed two-phase
correlation (eq. 4.6) vs. experimental data for variations of R-
134a evaporation heat transfer coefficient with mean vapor
quality at Pm
= 0.675 MPa, q"w
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Fig. 4-15 Yan and Lin (1999b) proposed two-phase
correlation (eq. 4.6) vs. experimental data for variations of R-
134a evaporation heat transfer coefficient with mean vapor
quality at Pm = 0.8 MPa, q'w
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Fig. 4-16 Kandlikar (1991) proposed two-phase correlation
(eq. 4.13) vs. experimental data for evaporation heat transfer
coefficient of refrigerant R-1 34 in a plate heat exchanger at
Pm = 0.675 MPa, q"w
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Fig. 4-17 Kandlikar (1991) proposed two-phase correlation
(eq. 4.13) vs. experimental data for evaporation heat transfer
coefficient of refrigerant R-1 34a in a plate heat exchanger at
Pm = 0.675 MPa, q"w
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Fig. 4-18 Kandlikar (1991) proposed two-phase correlation
(eq. 4.13) vs. experimental data for evaporation heat transfer
coefficient of refrigerant R-1 34a in a plate heat exchanger at
Pm= 0.675 MPa, q"w
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Fig. 4-19 Kandlikar (1991) proposed two-phase correlation
(eq. 4.13) vs. experimental data for evaporation heat transfer
coefficient of refrigerant R-1 34a in a plate heat exchanger at
Pm = 0.675 MPa, q"w







































Mean vapor quality, Xr
0.8
Fig. 4-20 Kandlikar (1991) proposed two-phase correlation
(eq. 4.13) vs. experimental data for evaporation heat transfer
coefficient of refrigerant R-1 34a in a plate heat exchanger at
Pm = 0.8 MPa, q'w
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Fig. 4-21 Kandlikar (1 991 ) proposed two-phase correlation
(eq. 4.13) vs. experimental data for evaporation heat transfer
coefficient of refrigerant R-1 34a in a plate heat exchanger at
Pm = 0.8 MPa, q"w












































ii i . i
0 0.2 0.4 0.6
Mean vapor quality, Xr
0.8
Fig. 4-22 Kandlikar (1991) proposed two-phase correlation
(eq. 4.13) vs. experimental data for evaporation heat transfer
coefficient of refrigerant R-1 34a in a plate heat exchanger at
Pm = 0.8 MPa, q w
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Fig. 4-23 Kandlikar (1991) proposed two-phase correlation
(eq. 4.13) vs. experimental data for evaporation heat transfer
coefficient of refrigerant R-1 34a in a plate heat exchanger at
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Fig. 4-24 Kandlikar (1991) proposed two-phase correlation
(eq. 4.13) vs. experimental data for evaporation heat transfer
coefficient of refrigerant R-1 34a in a plate heat exchanger at
Pm =0.8 MPa, q
= 1 1 kW/m
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Fig. 4-25 Kandlikar (1991) proposed two-phase correlation
(eq. 4.13) vs. experimental data for evaporation heat transfer
coefficient of refrigerant R-1 34a in a plate heat exchanger at
Pm = 0.8 MPa, q"w
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Fig. 4-26 Kandlikar (1991) proposed two-phase correlation
(eq. 4.13) vs. experimental data for evaporation heat transfer
coefficient of refrigerant R-1 34a in a plate heat exchanger at
Pm
= 0.8 MPa, q"w
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Fig. 4-27 Kandlikar (1991) proposed two-phase correlation
(eq. 4.13) vs. experimental data for evaporation heat transfer
coefficient of refrigerant R-1 34a in a plate heat exchanger at
Pm = 0.8 MPa, q"w
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Fig. 4-28 Kandlikar (1991) proposed two-phase correlation
(eq. 4.13) vs. experimental data for evaporation heat transfer
coefficient of refrigerant R-1 34a in a plate heat exchanger at
Pm
= 0.675 MPa, q"w
























0 2000 4000 6000 8000 10000
hr, Experimental, W/m K
Fig. 4-29 Kandlikar (1991 ) proposed two-phase correlation
(eq. 4.13) vs. experimental data for evaporation heat transfer
coefficient of refrigerant R-1 34a in a plate heat exchanger at
Pm = 0.675 MPa, q"w
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Fig. 4-30 Kandlikar (1991) proposed two-phase correlation
(eq. 4.13) vs. experimental data for evaporation heat transfer
coefficient of refrigerant R-1 34a in a plate heat exchanger at
Pm
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Fig. 4-31 Kandlikar (1991) proposed two-phase correlation
(eq. 4.13) vs. experimental data for evaporation heat transfer
coefficient of refrigerant R-1 34a in a plate heat exchanger at
Pm = 0.8 MPa, g"w
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Fig. 4-32 Correlation II (eq. 4.18), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm - 0.675
MPa, q\
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Fig. 4-33 Correlation II (eq. 4.18), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.675
MPa, q"w
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Fig. 4-34 Correlation II (eq. 4.18), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.675
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Fig. 4-35 Correlation II (eq. 4.18), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.675
MPa, q"w
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Fig. 4-36 Correlation II (eq. 4.18), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.8 MPa,
q"w



























Fig. 4-37 Correlation II (eq. 4.18), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.8 MPa,
q"w
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Fig. 4-38 Correlation II (eq. 4.18), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.8 MPa,
q"w
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Fig. 4-39 Correlation II (eq. 4.18), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.8 MPa,
q"w
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Fig. 4-40 Correlation II (eq. 4.18), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.8 MPa,
q"w
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Fig. 4-41 Correlation II (eq. 4.18), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.8 MPa,
q"w
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Fig. 4-42 Correlation II (eq. 4.18), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.8 MPa,
q'^
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Fig. 4-43 Correlation II (eq. 4.18), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.8 MPa,
q"w
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Fig. 4-44 Correlation II (eq. 4.18), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.675
MPa, q"w
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Fig. 4-45 Correlation II (eq. 4.18), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.675
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Fig. 4-46 Correlation II (eq. 4.18), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.8 MPa,
q"w
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Fig. 4-47 Correlation II (eq. 4.18), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.8 MPa,
q"w
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Fig. 4-48 Correlation III (eq. 4.20), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.675
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Fig. 4-49 Correlation III (eq. 4.20), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.675
MPa, q"w
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Fig. 4-50 Correlation III (eq. 4.20), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.675
MPa, q"w
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Fig. 4-51 Correlation III (eq. 4.20), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.675
MPa, q"w
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Fig. 4-52 Correlation III (eq. 4.20), present work, vs.
experimental data for evaporation heat transfer of refrigerant
R-1 34a in a plate heat exchanger at Pm = 0.8 MPa, q "w = 15
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Fig. 4-53 Correlation III (eq. 4.20), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.8 MPa,
q"w
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Fig. 4-54 Correlation III (eq. 4.20), present work, vs.
experimental data for evaporation heat transfer of refrigerant
R-134a in a plate heat exchanger at Pm = 0.8 MPa, q w = 15
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Fig. 4-55 Correlation III (eq. 4.20), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.8 MPa,
q"w
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Fig. 4-56 Correlation III (eq. 4.20), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.8 MPa,
qf"w
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Fig. 4-57 Correlation III (eq. 4.20), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.8 MPa,
q'w
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Fig. 4-58 Correlation III (eq. 4.20), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.8 MPa,
q"w
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Fig. 4-59 Correlation III (eq. 4.20), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.8 MPa,
q"w
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Fig. 4-60 Correlation III (eq. 4.20), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.675
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Fig. 4-61 Correlation III (eq. 4.20), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.675
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Fig. 4-62 Correlation III (eq. 4.20), present work, vs.
experimental data for evaporation heat transfer of refrigerant
R-1 34a in a plate heat exchanger at Pm = 0.8 MPa, q "w - 1 1






















_J I I I L
0 1000 2000 3000 4000 5000 6000 7000
hr, Experimental, W/m2K
Fig. 4-63 Correlation III (eq. 4.20), present work, vs.
experimental data for evaporation heat transfer coefficient of
refrigerant R-1 34a in a plate heat exchanger at Pm = 0.8 MPa,
q'w
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Kandlikar (1991) proposed two-phase
correlation (eq. 4.13)
Correlation II (eq. 4. 1 8), present work,
with augmentation






Fig. 4-64 Comparison of correlation schemes to experimental data
(Yan and Lin, 1999b) for variations of refrigerant R-1 34a
evaporation heat transfer coefficient with mean vapor quality at Pm
= 0.675 MPa, q"w
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Fig. 4-65 Comparison of correlations to experimental data (Yan
and Lin, 1999b) for refrigerant R-1 34a evaporation heat transfer
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Fig. 4-66 Comparison of correlations to experimental data (Yan
and Lin, 1999b) for refrigerant R-1 34a evaporation heat transfer
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Fig. 4-67 Comparison of correlations to experimental data (Yan
and Lin, 1999b) for refrigerant R-1 34a evaporation heat transfer
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Fig. 4-68 Comparison of correlations to experimental data (Yan
and Lin, 1999b) for refrigerant R-1 34a evaporation heat transfer
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Fig. 4-69 Comparison of correlations to experimental data (Yan
and Lin, 1999b) for refrigerant R-1 34a evaporation heat transfer
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Fig. 4-70 Comparison of correlations to experimental data (Yan
and Lin, 1999b) for refrigerant R-1 34a evaporation heat transfer
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Fig. 4-71 Comparison of correlations to experimental data (Yan
and Lin, 1999b) for refrigerant R-1 34a evaporation heat transfer
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Fig. 4-72 Comparison of correlations to experimental data (Yan
and Lin, 1999b) for refrigerant R-1 34a evaporation heat transfer
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Fig. 4-73 Comparison of correlations to experimental data (Yan
and Lin, 1999b) for refrigerant R-1 34a evaporation heat transfer




























Refrigerant R-134a two-phase experimental
data
Yan and Lin (1999b) proposed two-phase
correlation (eq. 4.6)
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correlation (eq. 4.13)
Correlation II (eq. 4.18), present work, with
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Fig. 4-74 Comparison of correlations to experimental data (Yan
and Lin, 1999b) for refrigerant R-1 34a evaporation heat transfer
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Fig. 4-75 Comparison of correlations to experimental data (Yan
and Lin, 1999b) for refrigerant R-1 34a evaporation heat transfer























> Refrigerant R- 134a two-phase
experimental data
- Yan and Lin ( 1999b) proposed
two-phase correlation (eq. 4.6)
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Correlation III (eq. 4.20), present
work, without augmentation
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Fig. 4-76 Comparison of correlations to experimental data (Yan
and Lin, 1999b) for refrigerant R-1 34a evaporation heat transfer
coefficient at Pm = 0.675 MPa, q"w = 11 kW/m2, and G = 70
kg/m2s.
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Fig. 4-77 Comparison of correlations to experimental data (Yan
and Lin, 1999b) for refrigerant R-1 34a evaporation heat transfer
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phase correlation (eq. 4.6)
Kandlikar (1991) proposed two-phase
correlation (eq. 4.13)
Correlation II (eq. 4.18), present work,
with augmentation
Correlation III (eq. 4.20), present
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Fig. 4-78 Comparison of correlations to experimental data (Yan
and Lin, 1999b) for refrigerant R-1 34a evaporation heat transfer
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Fig. 4-79 Comparison of correlations to experimental data (Yan
and Lin, 1999b) for refrigerant R-1 34a evaporation heat transfer
coefficient at Pm = 0.8 MPa, q"w = 11 kW/m2, and G = 70 kg/m2s.
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5. CONCLUSIONS
The present work studies the evaporation heat transfer coefficient of refrigerant
R-134a in a plate heat exchanger. A literature review was conducted to find relevant
information and experimental data. Many literature studies focus on single-phase heat
transfer of fluid in smooth tubes. Results of these studies help to form the basis for
expanding heat transfer correlations to augmented tubes and two-phase applications.
Several relevant works were found for two-phase flow in smooth tubes, augmented tubes
and compact evaporators. Only one published work was found to provide the
experimental data for evaporation heat transfer of refrigerant R-1 34a in a plate heat
exchanger. This study, performed by Yan and Lin (1999b), provided the data bank for
the present work.
From the analysis of the data, it was desirable in the present work to explore a
best fit correlation to predict the experimental data. Yan and Lin (1999b) suggested
correlations for both the single-phase and two-phase heat transfer coefficient. When
applied with fluid properties taken from the REFPROP program, an evident discrepancy
was found in these correlations. Kandlikar (1991) also proposed a two-phase model
applicable to the plate heat exchanger data, which proved to result in a reasonable fit
when tested here against the Yan experimental data set. In the present work, Correlation
I (eq. 4.5) was developed to fit the single-phase data, and Correlation II (eq. 4.18) and
Correlation III (eq. 4.20) were developed to fit the two-phase heat transfer data.
For the single-phase water-to-water experiment Correlation I (eq. 4.5) presented
here provides an accurate fit to the Yan data. Both Correlation II (eq. 4. 1 8) and
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Correlation III (eq. 4.20) developed in the present work for two-phase evaporation heat
transfer use the Kandlikar (1991) correlation (eq. 13) as a basis for the additive model,
assuming convective boiling to be the dominant contribution. Correlation II (eq. 4. 18)
follows the same format as the Kandlikarmodel by utilizing the augmentation factors and
fluid-dependent parameter, but changing the fixed numbers. Correlation III (eq. 4.2) was
developed with a similar format that excludes the augmentation and fluid-dependent
parameter, and adds a fixed multiplier. Again fixed numbers were changed to provide
better fit to the data. When compared with other correlations suggested in the literature,
these new correlations provide the best fit to the experimental data for evaporation heat
transfer of refrigerant R-134a in a plate heat exchanger.
The goal of this thesis work is to explore and propose a best fit two-phase
correlation scheme to model the experimental data extracted from Yan and Lin (1999b)
for the evaporation heat transfer coefficient of refrigerant R-1 34a in a plate heat
exchanger. In proceeding with this work it became necessary to first develop Correlation
I (eq. 4.5) to provide an accurate model to the single-phase experimental data. This new
correlation was used with the ideal of an additive model for two-phase flow to develop
Correlation II (eq. 4.18) and Correlation III (eq. 4.20) to reliably predict the two-phase
refrigerant R-134a experimental data within 17% and 16% deviation range, respectively.
In the present work Correlation II and Correlation III have been compared to the
experimental data set and other relevant proposed correlation schemes (Yan and Lin,
1999b; Kandlikar, 1991) found in the literature. Both Correlation II and Correlation III
have been shown here to provide a more reliable fit to the data. Correlation III (eq. 4.20)
provides negligible improvement over Correlation II (eq. 4.18), and Correlation III lacks
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a theoretical base. As a result this thesis work proposes Correlation II (eq. 4. 1 8) as
developed in the present work for future use in modeling the two-phase
evaporation heat
transfer coefficient of refrigerant R-134a in a plate heat exchanger.
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